We have performed a systematic study of the electronic structures of BiMeO 3 (Me = Sc, Cr, Mn, Fe, Co, Ni) series by soft X-ray emission (XES) and absorption (XAS) spectroscopy. The band gap values were estimated for all compounds in the series. For BiFeO 3 a band gap of ∼0.9 eV was obtained from the alignment of the O K α XES and O 1s XAS. The O 1s XAS spectrum of BiNiO 3 indicates that the formation of holes is due to a Ni 2+ valency rather than a Ni 3+ valency.
INTRODUCTION
Multiferroics, discovered almost 50 years ago 1, 2 , are materials that simultaneously possess two or three degrees of freedom: (anti)ferromagnetism, (anti)ferroelectricity, and/or ferroelasticity, which allow both charge and spin to be manipulated by applied electrical and magnetic fields 3, 4 . These materials are promising for various technological applications such as information storage, spintronics, and sensors. There are many different classes of multiferroic systems known today, for instance: the RMnO 3 family (R = Dy, Tb, Ho, Y, Lu, etc.), the RMn 2 O 5 family (R = Nd, Sm, Dy, Tb), and the BiMeO 3 family (Me = Mn, Fe). These materials have complex structures with many atoms per formula unit, and more than one formula unit per unit cell. The large number of interatomic interactions makes distinguishing the mechanisms responsible for multiferroicity a challenging task. The origin of these phenomena and the nature of the coupling between the magnetic, electric, and structural order parameters are not well understood. Despite many electronic structure calculations (see review article 5 and references therein) only few experimental spectra for selected compounds (YMnO 3 and BiFeO 3 ) have so far been obtained 6, 7 . In order to get deeper insight into the nature of multiferroicity we have performed a systematic study of electronic structure of the perovskite-like multiferroics (BiFeO 3 and BiMnO 3 ) and the BiMeO 3 (Me = Sc, Cr, Co, Ni) related compounds using synchrotron excited soft X-ray emission and absorption spectra. The experimental results are compared with specially performed electronic structure calculations.
The paper is organized as follows: the details of sample preparation and X-ray measurements are presented in Section II. The crystal structure of different compounds and their basic properties are summarized in Section III. Results of X-ray measurements for the whole series of BiMeO 3 (Me = Sc, Cr, Fe, Co, Ni) compounds and comparison with electronic structure calculations are collected in Section IV.
II. EXPERIMENTAL DETAILS
All the samples were synthesized using a high-pressure high-temperature method. Starting mixtures were placed in Au capsules and treated at 6 GPa in a belt-type high-pressure apparatus at different temperatures (heating rate was about 140 K/min). After heat treat-ment, the samples were quenched to room temperature (RT), and the pressure was slowly released. at 1483 K (at 6 GPa) for 1 h. The resulting samples were reground, washed with water, dried, and re-pressed at about 1 GPa at room temperature.
The X-ray emission spectra (XES) were measured at beamline 8.0.1 at the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory 11 . The X-ray absorption spectra (XAS) were measured at the Spherical Grating Monochromator beamline at the Canadian Light Source (CLS) at the University of Saskatchewan 12 . The O 1s XAS spectra were measured in the total fluorescence yield (TFY) mode, which provides more bulk sensitivity than electron yield methods do. The O K α XES was excited near the O 1s ionization threshold to suppress the high-energy satellite structure. The instrumental resolving power (E/∆E) was approximately 10 3 for the XES measurements and approximately 5×10 3 for the XAS measurements.
III. CRYSTAL STRUCTURE AND PHYSICAL PROPERTIES OF BIME O 3

COMPOUNDS
Of all the multiferroic compounds, the most extensive study has been devoted to the perovskite-type and related oxides. Below we give a short summary of crystal structure and basic physical properties of the BiMeO 3 (Me = Sc, Cr, Mn, Fe, Co, Ni) compounds. The space groups and lattice constants for the whole series are collected in Table I. The selected   4   bond lengths are shown in Tables II, III and IV. The bismuth manganite (BiMnO 3 ) has a highly distorted perovskite structure and has been regarded as a multiferroic material. The ferroelectricity has been analyzed within Table I . A structural optimization performed using modern methods of electronic structure calculations has shown that the noncentrosymmetric C2 structure, which had been reported earlier converges to the new total energy minimum corresponding to the C2/c structure with zero net polarization 27, 28 .
Since the C2/c structure of BiMnO 3 has inversion symmetry the hypothesis that electric polarization arises due to bismuth lone pairs is no longer valid. The perovskite BiFeO 3 is ferroelectric with T c = 1103 K and antiferromagnetic with T N = 643 K and a canted spin structure 31 . The bulk single crystal has a rhombohedrally distorted perovskite structure with the space group R3c 32 and lattice parameters presented in Table I . The G-type collinear antiferromagnetic spin configuration has been modified by subjecting it to a long-range (620Å) modulation leading to a spiral modulated spin structure 33 . The spontaneous polarization of a single crystal is 3.5 µC/cm 2 along (001) of 179 µC/cm 2 has been predicted from first-principle Berry-phase calculations 43 . The experimental observation of a ferroelectric hysteresis loop is problematic since the resistivity appears too low for the large applied electric field. Therefore it was proposed that BiCoO 3
should be regarded as a pyroelectric rather than a ferroelectric material (in pyroelectrics the dipole moments can not be reoriented by external electric field) 42 . The C-type antiferromagnetic order with a reduced magnetic moment of 2.41 µ B have been also predicted from first-principle calculations 43 . Spin-polarized calculations with C-type antiferromagnetic order for BiCoO 3 predicts an insulating ground state with an energy gap of 0.6 eV.
BiNiO 3 has been found to be an insulating antiferromagnet (T N = 300 K) 44 with a heavily distorted triclinic symmetry P1. The lattice constants are shown in Table I . X-ray powder diffraction data has revealed that Bi ions were disproportionately weighted towards Bi
3+
and Bi 5+ and therefore the oxidation state of the Ni ion was +2 rather than the expected For all compounds the experimental atomic positions and lattice constants shown in Table I were used. For the spin-polarized calculations we used the experimentally determined magnetic structures described in previous paragraphs (for BiFeO 3 the G-type AFM order was assumed). The resulting energy gaps (E
Calc. g
) as well as magnetic moments are shown in Ta BiScO 3 , BiCrO 3 , and BiMnO 3 all have a monoclinic structure and can be compared directly. The bondlengths for these three compounds are summarized in Table II . Although the space groups of these compounds are the same, the MeO 6 octahedra distortions are different for each and most pronounced in the case of BiMnO 3 . The parameter ∆ in Table II indicates the degree of MeO 6 octahedra distortion. Table III ).
This pyramid is contracted so the distortion parameter is rather large. In BiFeO 3 the FeO 6
octahedron is less distorted than in BiMnO 3 system. The oxygen atoms are distributed around Bi in BiFeO 3 almost evenly while in BiCoO 3 rather irregular arrangement of oxygen atoms can be seen from Bi-O bondlengths shown in Table III . In Table IV Table V ). The values of the calculated magnetic moments given in Table V 
B. Experimental results and discussion
The O K α XES and O 1s XAS measurements of BiMeO 3 (Me = Sc, Cr, Mn, Fe, Co, Ni), which probe the occupied and vacant O 2p states, respectively, are presented in Figure 3 .
The fine structure and energy distribution of the O K α XES matches the O 2p occupied DOS obtained from LSDA calculations (see Figure 2) . The band gap for these materials was estimated using the peaks in the second derivative, this method has been shown to work well with O K α XES and 1s XAS 54 . A small amount of hybridization between the Bi 6s-and O 2p-states is visible at about 519 eV in all compounds, as suggested by the calculated O 2p-states.
The estimated energy gaps from the experimental spectra and the calculations are not exactly the same. This is expected, since LSDA calculations are known to provide a underestimation of the energy gap, and the LSDA+U calculations used a typical value for U rather than a material-specific value. We have found that the calculated energy gaps are mostly within 0.5 eV of the experimental energy gaps and, more importantly, the trend in the calculated energy gaps is essentially the same as that in the experimental energy gaps 13 for these materials. The energy gaps are shown in Figure 4 , note the similar shape in the experimental and calculated curves. The comparison of the oxygen and iron X-ray spectra of BiFeO 3 with the calculated O 2p and Fe 3d DOSes is shown in Figure 5 and Figure 2 it is clear that the Bi 6s states in all compounds are not hybridized with the Bi 6p states. 
V. SUMMARY
In conclusion, the electronic structure of the BiMeO 3 (Me = Sc, Cr, Mn, Fe, Co, Ni) series was studied by soft X-ray emission and absorption spectroscopy. Experimental spectra were found to be in good agreement with spin-polarized electronic structure calculations.
The presence of holes in the O 1s XAS spectrum of BiNiO 3 was attributed to the 2+ valency is supposed to be ferroelectric but a ferroelectric hysteresis loop has not been observed as of now so apparently BiCoO 3 should be considered as a pyroelectric material.
